INTRODUCTION
The eddy current method of nondestructive testing of metals has been under extensive investigation for some time now [1] . In spite of significant advances in this technique, the eddy current quantitative measurements of cracks usually require complicated calibration procedure and often involve the use of calibration standards [1] [2] [3] [4] .
Recently we have developed a new electromagnetic technique for the detection and sizing of surface cracks in metals which does not rely on the measurement of the impedance of the coil, nor does it rest on the use of calibration standards. Early developments of the technique are reported in a companion paper [5] . The new technique, which utilizes some of the principles of the eddy current method, is based on the measurement of the surface magnetic field about the crack edge using a properly orientated reflection eddy current probe [6] . The surface field is produced by an inducer which consists of two parallel U-shape wires carrying an alternating current of adequately high frequency. Theoretical and experimental works have confirmed that at the crack edge, the induced surface magnetic field has a discontinuous behaviour. It is found that the magnitude of the discontinuity is related to the crack geometry and could be used as a convenient means for inversion purposes. This paper, which is concerned with the application of the new technique to long surface breaking cracks in metals, considers the case where the probe is attached to the inducer at an arbitrary position along they-axis shown· in Fig.l . This is in contrast with the case reported in [5] where the inducer is stationary and the probe is moved to measure the surface field. The paper embraces a study of the crack signal, two inversion techniques and a discussion on the optimum probe position. Theoretical simulations of crack signals are based on a mathematical model assuming one-dimensional cracks.
TIIEORETICAL STIJDY
The schematic diagram of the U-shape inducer is shown in Fig. 1 . The bottom wires of the inducer are assumed to be parallel to the metal surface at a lift-off distance of h. The eddy current probe is fixed to the inducer at an arbitrary position D. along the y-axis where D 5 is measured with respect to the centre of the inducing mechanism, Fig. 1 . In this arrangement, the inducing mechanism and the eddy current probe are assembled in one unit, moving together as the probe scans the work-piece. Since the new technique is concerned with the measurement of the surface field, the probe is assumed to be at a very close distance to the metal surface. For the theoretical study of the signals associated with long cracks, the computer program developed for the stationary inducer in [5] has been modified. Results reported here relate to a certain inducer with the following specifications; a = 24 mm, b = 5 mm, 1 = 62 mm andh= 15 mm.
In the first theoretical simulation, signals associated with cracks of various depths are studied. Fig. 2 shows the predicted signals for cracks of 1, 2, 3, 4, 6 and 10 mm depths. These signals are obtained with the assumption that an absolute eddy current probe is used to scan the work-piece in the direction normal to the crack edge. The signals are normalised to the magnitude of the surface magnetic field in the absence of crack at the meeting point of the inducer axis and the metal surface (point o in Fig. 1 ). Study of the results in Fig. 2 reveals that there is a discontinuity in the surface magnetic field which has some common features with that reported in [5] . Examination of Fig. 2 further reveals that as the crack depth increases, (i) the magnitude of the discontinuity increases, (ii) the slope of the signal in the vicinity of the crack increases, (iii) the strength of the signal falls at the crack edge.
In order to study the features of the crack signal for different positions of the probe D 5 , signals associated with a 4 mm deep crack were simulated. Fig. 3 shows the predicted signals at the output of the probe. A careful examination of these plots reveals that as long as D 5 <a, and by increasing the value of D s, (i) the magnitude of the discontinuity increases, (ii) the slope of the signal in the vicinity of the crack decreases, (iii) the difference between the signal dip, V 1 , and the value of the signal in the absence of the crack, V 0 , does not change considerably.
In the extreme case ofD 5 = 0, the crack signal does not exhibit a discontinuous feature and it is symmetrical with respect to the crack edge, Fig. 3 .a. In contrast with the above situation is the case where D 5 > a. In this case , when D 5 increases, (ii) remains valid whereas (i) and (iii) should be modified as follows; (i) the magnitude of the discontinuity decreases and (iii) the difference between V 1 and V 0 decreases. In all the cases examined above, the overall signal level, V 0 , decreases as D 5 increases. Ds =27mm
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SIGNAL INVERSION
In the present case of interest where cracks are assumed to be one-dimensional (long and uniform), the inversion process involves only the prediction of crack depth from the information contained in the crack signal. Study of results presented in the above section indicates several possibilities for the signal inversion. With reference to Fig. 3 , ope possibility is the use of a set of curves representing Rm = (V 2 -V 1 )N 2 as a function of D8 and the crack depth, d. For the inducer specified in the above section, these curves are computed and plotted in Fig. 4 . Alternatively, the crack depth can be determined from a set of curves representing rm = (V 2 -V 1 )N 0 as a function of d and D 8 • However, the latter method is less convenient in practice, particularly in applications which involve real-time crack detection and sizing. This is due to the fact that V 0 is not immediately available at the crack edge and should be measured at some distance from the crack In addition, this method involves three measurements, namely, V 0 , V 1 and V 2 whereas only V 1 and V 2 are required for the inversion by Rm curves.
With reference to Fig. 4 , for a range of D,, Rm increases monotonically with D 5 • This is more conspicuous in Fig. 5 where Rm is plotted against D 5 • From this figure, it is noted that for the specified inducer, Rm attains its maximum value when D 5 z 35 mm. From the inversion point of view, this position may be thought to be an ideal position for the probe to be located. However, by referring to Fig. 3 , it is not difficult to deduce that when D 5 z 35 mm, the overall signal level V 0 , falls by more than a factor of two from its maximum value. This implies that the measurement error in Rm, due to the inevitable noise in the measurement system, is a function of the probe position for a fixed current in the inducer, . The optimum probe position is where this error becomes minimum. In other words, for aU-shape inducer, the optimum probe position should be sought in conjunction with the measurement system to be used.
EXPERIMENT
Since we were specially concerned with surface cracks in mild steel structures, all experiments were conducted on mild steel test blocks which contained several saw-cut notches of various depths. In these experiments, the inducer and the probe assembly automatically scanned the work-piece using a computer controlled motorized x-y table. The specifications of the inducer are the same as those presented in the theory section. The probe used in the experiment was a tape-head eddy current probe attached to the inducer. A 1.6 kHz ac field measurement instrument supplied the current to the inducer and the voltage generated in the probe was detected by the same instrument [7] . At 1.6 kHz, the field in mild steel is essentially a surface field; that is to say at this frequency, the skin depth is 0.3 mm in mild steel. To display the signal, a Le-Croy 9400 digital oscilloscope was used in the experiments.
Many experiments were carried out to check the effect of the size and the effect of the probe position on crack signal. Results were all found to be in good agreement with the theory. For brevity, we present only the results of one experiment here. In this experiment, the probe was attached to the inducer at D 8 = 27 mm and it scanned the surface of a block of metal consisting of saw-cut notches of nominal depths of 1 mm, 2 mm, 3 mm and 4 mm. The spacing between two consecutive notches is about 50 mm. The results of the scan is shown in Fig. 6 .b. A comparison between these results and those theoretically obtained in Fig. 2 , reveals that some discrepancies appear in the predicted output signal as the probe moves away from the edge of a crack. This is due to the fact that the two neighbouring notches in the test block are not infinitely apart. When this effect is accounted for in the theory, a good agreement between the theory and the experiment was observed, Fig. 6 .a and Fig. 6 .b. Relating to the above experiment, the results of the inversion of the crack signals are summarized in Table I . The inversion was accomplished using Rm curves.
CONCLUSIONS
Signals associated with long surface breaking cracks in metals resulting from the measurement of the surface magnetic field produced by aU-shape inducer were theoretically and experimentally studied. In contrast with the work reported in [5] , in this investigation the probe is attached to the inducer, thus resulting in an induced surface field which changes with the probe movement. Provided that the probe is not positioned at the centre of the inducer, i.e. D 0 ,. 0, it is found that at the crack edge, the surface magnetic field is discontinuous. The magnitude of the discontinuity is found to be a function of the probe position and the crack depth. Two techniques for the inversion of the crack signal to the crack depth were proposed. However, one which is based on the measurement of the signal strength at the two sides of the discontinuity is found to be more convenient and to be more efficient. For a noiseless measurement system, the optimum probe position is where the crack signal gives the highest value to Rm. However, this is not the case for a practical system.
